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Abstract 
Four  of  the  problems  deal  with  the  mechanics  of  bubble  production  and  bursting,  and  the 
collection  and  sizing  of  jet  drops;  three  concern  the  transfer  of  the  bacterium  Serratia  mar- 
cescens  from  bursting  bubbles  to jet  drops.  The  problem  of  producing  bubbles  of  a specified 
size  from  glass  capillary  tips  is overcome  by  paying  careful  attention  to tip  geometry.  Problems 
associated  with  bubble  bursting  have  not  been  solved,  but  it  is believed  that  they  are  caused 
by  small  differences  in  the  position  of  the  bubble  relative  to  the  interface  at  the  time  of 
bursting.  The  collection  and  sizing  of jet  drops  can  cause  problems,  but  suggestions  are  given 
to  overcome  them.  Of  the  three  problems  involving  bacteria,  only  the  last  appears  to  have  a 
satisfactory  solution.  Experiments  show  that  the  concentration  of  bacteria  is  always  highest 
in  the  top  jet  drop  of  the  jet  set  and  decreases  progressively  in  the  lower  drops,  being  lowest 
in  the  bottom  drop.  This  is  in  qualitative  agreement  with  the  hypothesis  of jet  drop  formation 
advanced  by  MacIntyre. 
Increasing  interest  in  the  biological, 
physical,  and  chemical  nature  of  the  air- 
water  interface,  and  the  exchange  pro- 
cesses  across  the  interface,  has  resulted 
in  numerous  papers,  and,  in  just  the  past 
3  years,  at  least  four  review  articles 
(MacIntyre  1974;  Blanchard  1975;  Liss 
1975;  Duce  and  Hoffman  1976).  These 
articles  have  stressed  the  complexity  of 
interfacial  problems.  In  our  own  work 
with  bubbles  and  jet  drops,  especially 
that  involving  bacteria  and  dissolved  or- 
ganic  material,  we  have  encountered  nu- 
merous  problems.  Some  have  required 
months  to  overcome,  but  many  have  yet 
to  be  solved. 
Since  these  problems,  both  solved  and 
unsolved,  have  barely  been  mentioned  in 
our  papers,  and  will  no  doubt  be  encoun- 
tered  by  others  who  pursue  this  area  of 
research,  we  feel  it  worthwhile  to  consid- 
’ The  research  was  supported  by  the  Atmospheric 
Science  Section,  National  Science  Foundation. 
er  them  here.  The  solved  problems  are  of 
obvious  interest,  but  those  unsolved  may 
be  even  more  so,  since  their  solution 
should  provide  key  insights  into  the 
water-to-air  transfer  of  materials.  The 
seven  problems  that  follow  were  selected 
from  notes  made  in  the  course  of  our  ex- 
periments  of  the  past  several  years. 
We  appreciate  the  criticism  of  M.  and 
E.  Baylor,  R. Cipriano,  and  P. Liss  on  the 
first  draft  of  this  paper. 
The  problems 
1.  How  do  you  produce  an  air  bubble 
of  speci$ed  size ?  Bubbles  are  produced 
in  some  studies  by  forcing  air  through 
fine  frits.  However,  since  frits  produce  a 
multitude  of bubbles  of  varying  size  they 
cannot  be  used  if  one  is  interested  in  pro- 
ducing  one  bubble  at  a time  of  specified 
size.  The  production  of  a  single  bubble 
is  best  done  by  forcing  air  through  fine 
glass  capillary  tips.  Blanchard  (1963)  de- 
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scribed  a  procedure  for  drawing  these 
tips,  and  a simple  valving  system  that  can 
be  used  to  produce  a bubble  as required. 
Though  it  was  recognized  that  the  bub- 
ble  size  was  in  general  a function  of  the 
size  of  the  capillary  tip,  the  preparation 
of  the  tips  was  always  more  of an  art  than 
a  science.  There  was  no  guarantee  that 
two  tips  of  the  same  size  would  produce 
bubbles  of  similar  size. 
Recently,  we  have  found  that  the  prob- 
lem  is  in  the  precise  cutting  of the  end  of 
the  tip.  If  a diamond  pencil  is  used,  and 
the  tip  is  broken  under  the  microscope, 
it  is  simple  to  produce  a square  cut  on  a 
fine  capillary  of  almost  any  size.  If  this  is 
done,  theory  predicts  and  experiment 
confirms  that  the  radius  Rt, (pm)  of  a bub- 
ble  produced  by  a  capillary  tip  of  inner 
radius  R,  (pm)  is  Rb =  223R,%  (Blan- 
chard  and  Syzdek  1977).  Thus,  a capillary 
of  1 pm  will  produce  a bubble  of  223+m 
radius. 
Since  the  Laplace  surface  curvature  ef- 
fect  becomes  impo.rtant  for  capillaries  <I 
pm,  the  air  pressure  required  to  produce 
bubbles  less  than  about  200  pm  becomes 
prohibitively  high.  Such  bubbles,  how- 
ever,  can  be  produced  in  a rotating  tank 
where  the  capillary  tip  is  fixed.  Water 
moving  by  the  tip  will  shear  the  air  into 
a stream  of bubbles  of  a size  much  small- 
er  than  predicted  by  the  above  equation 
(Blanchard  and  Syzdek  1972).  Depend- 
ing  on  the  size  of  the  capillary,  the  air 
pressure,  and  the  tank  rotation  rate,  bub- 
bles  of  <5O  pm  can  be  produced. 
2.  Why  are  there  erratic  jet  drop  ejec- 
tion  heights?  If  in  the  course  of  an  ex- 
periment  a  capillary  tip  is  progressively 
lowered  beneath  the  surface  of  the  water, 
the  bubble  will  require  a longer  time  to 
rise  to  the  surface.  Surfactant  molecules 
in  the  water  will  diffuse  to  the  surface  of 
the  bubble,  and  we  would  expect  to  find 
that  the  free  energy  of the  bubble  surface 
decreases  with  the  age  of  the  bubble. 
Since  the  kinetic  energy  for  jet  drop  ejec- 
tion  is  derived  from  the  free  energy  of the 
bubble  surface,  the  ejection  height  of  the 
top  jet  drop  should  decrease  with  bubble 
age.  In  general,  this  is  what  happens 
(Blanchard  and  Syzdek  1972;  Blanchard 
1977),  although,  curiously,  the  rate  of  de- 
crease  of  height  is  much  less  for  smaller 
bubbles  and  a steady  state  is  more  quick- 
ly  attained.  A  complete  explanation  of 
this  behavior  awaits  a better  understand- 
ing  of  the  interaction  of  a  surface-active 
film  on  the  bubble  and  the  formation  of 
the  jet  drops. 
If  now  the  capillary  tip  is  brought  to 
within  a centimeter  or  two  of  the  surface, 
there  will  be  little  time  for  surfactant 
molecules  to  attach  to  the  bubble  before 
it  bursts.  In  such  a case  we  would  expect 
the  jet  drop  ejection  height  to  be  a func- 
tion  of  bubble  size  and  the  surface  ten- 
sion  of  the  solution.  This  was  implied  in 
fig.  8  of  Blanchard’s  (1963)  paper  where 
the  data  of  a  number  of  investigators 
were  presented  in  a  curve  of  jet  drop 
height  against  bubble  age.  In  seawater 
the  drop  ejection  height  increases  with 
bubble  size,  reaching  a  maximum  of 
about  19  cm  at  a  bubble  diameter  of  2 
mm,  and  decreasing  with  larger  bubbles. 
The  distilled  water  data,  obtained  from 
Stuhlman  (1932),  are  about  the  same  as 
for  seawater,  except  that  the  drop  height 
reaches  a maximum  of  only  about  14  cm 
at  a  bubble  diameter  of  about  1.2  mm. 
For  a  2-mm  bubble  the  top  drop  height 
from  distilled  water  is  only  about  11 cm, 
as  compared  to  19  cm  for  the  seawater 
case.  Why  the  difference  for  these  larger 
bubbles? 
The  answer  appears  to  lie  in  the  time 
spent  at the  surface  by  the  bubble  before 
bursting.  In  seawater  the  bubble  surface 
life,  depending  on  the  sample  used,  will 
range  from  a few  tenths  of  a second  to  10 
s  or  more  (Blanchard  1977).  In  distilled 
water  the  bubble  has  no  perceptible  sur- 
face  life.  However,  on  rare  occasions  a 
bubble  will  stick  at  the  surface  momen- 
tarily  before  bursting.  For  a 2-mm  bubble 
the  top  jet  drop,  instead  of  rising  to  a 
height  of  only  11 cm,  will  now  be  ejected 
to  a height  of  19  cm,  typical  of  the  sea- 
water  case. 
Although  the  detailed  dynamics  of  this 
problem  remain  to be  worked  out,  the  so- 
lution  no  doubt  requires  an  understand- 
ing  of  the  exact  position  of  the  bubble 
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the  seawater  case  high-speed  motion  pic- 
tures  (Kientzler  et  al.  1954)  show  that  the 
bubble,  upon  reaching  the  surface,  over- 
shoots  and  rises  perhaps  half  its  diameter 
through  the  surface  before  surface  ten- 
sion  forces  pull  it  back  down  to  an  equi- 
librium  position.  In  this  position  the  bub- 
ble  is  stationary  and  mostly  below  the 
surface.  When  bursting  occurs,  an  appre- 
ciable  amount  of  bubble  surface  free  en- 
ergy  is  available  to  be  transferred  to  jet 
drop  kinetic  energy.  Consequently,  the 
jet  drop  rises  to  the  highest  possible 
height.  In  distilled  water,  however, 
where  the  bubble  is  observed  to  burst 
“instantly”  upon  arrival  at  the  surface,  it 
is  likely  that  the  bursting  occurs  while 
the  bubble  is  still  moving  up  through  the 
surface,  and  in  a  position  far  above  its 
equilibrium  position.  Since  the  available 
bubble  surface  area  is  now  less  than  the 
seawater  case,  the  free  energy  is  less,  and 
the  drop  ejection  height  is  less. 
If  this  argument  is  qualitatively  correct 
in  explaining  the  higher  drop  ejection 
heights  from  bubbles  larger  than  about 
1.2  mm  in  seawater,  then  why  are  Stuhl- 
man’s  (1932)  distilled  water  data  for  bub- 
bles  < 1.1  mm  identical  to  the  seawater 
data?  We  need  not  criticize  Stuhlman’s 
experiments  here,  but  we  have  found  re- 
peatedly  that  the  drop  ejection  heights  in 
distilled  water  for  bubbles  in  the  size 
range  of  roughly  0.5  to  1.0  mm  are  often 
considerably  less  than  the  seawater  data. 
Erratic  behavior  is  often  observed  in  the 
same  experiment  from  one  bubble  to  the 
next,  even  though  the  bubbles  appear  to 
be  bursting  the  instant  they  reach  the  sur- 
face.  In  fact,  we  have  come  to  expect  this 
behavior  not  only  in  distilled  water  but 
in  any  solutions  where  the  bubbles  burst 
instantly. 
Illustrative  of  this  behavior  is  what 
happened  during  one  of  our  experiments 
with  a  suspension  of  bacteria  in  pond 
water.  Throughout  the  3-h  experiment  a 
slow  but  continuous  overflow  of  water 
was  supplied  to the  surface  to prevent  the 
buildup  of  compressed  monolayers.  The 
surface  tension,  as determined  by  a ring 
tensiometer,  was  similar  to  that  for  a 
clean  water  surface  at  the  same  temper- 
ature.  A  capillary  tip  at  a  depth  of  3  cm 
was  producing  a bubble  every  2.5  s.  To 
the  naked  eye  each  bubble  burst  the  mo- 
ment  it  reached  the  surface.  Neverthe- 
less,  the  top  jet  drop,  instead  of  rising  to 
the  same  height  from  each  bubble,  would 
reach  one  of two  heights.  A  given  bubble 
might  eject  the  drop  to a height  of  10.6  + 
0.2  cm,  indicative  of  a  bubble  of  about 
O.&mm  diameter,  while  2.5  s  later  the 
next  bubble  ejected  its  jet  drop  to  7.4  + 
0.2  cm,  indicative  of a bubble  of 0.65-mm 
diameter.  Although  we  made  no  direct 
measurements  of  bubble  size,  it  seemed 
apparent  from  the  constancy  of  the  bub- 
ble  rise  speeds  and  the  frequency  of  pro- 
duction  from  the  capillary  that  the  bub- 
ble  size  did  not  change. 
During  the  first  2  h  of  this  experiment 
the  bubbles  showed  no  preference  for 
either  height,  but  during  the  last  hour 
about  90%  of  the  drops  went  to  the  lower 
height.  Though  we  have  no  proof,  we 
suspect  that  the  explanation  for  this 
often-observed  phenomenon  will  bc 
found,  as  suggested  earlier,  in  differ- 
ences  in  the  position  of  the  bubble 
relative  to  the  surface  when  it  bursts. 
Bubbles  of  this  size  move  a  distance  of 
one-half  diameter  in  about  3  ms.  A  dif- 
ference  in  relative  position  upon  bursting 
of  one-half  diameter  seems  feasible,  yet 
the  difference  in  3  ms  would  not  be  de- 
tectable  to  the  eye. 
For  bubbles  of  less  than  about  0.5  mm 
the  erratic  behavior  of  the  top  drop  ejec- 
tion  height  is  much  diminished.  Earlier 
(Blanchard  and  Syzdek  1975)  we  pre- 
sented  data  on  drop  size  and  ejection 
height  for  the  drops  of  the  jet  set  pro- 
duced  by  a bubble  of  O.37-mm  diameter. 
During  more  than  2 h  of  observation  the 
variability  of  the  ejection  height  of  the 
top  drop  was  not  more  than  *  1%  from  a 
given  value,  and  for  the  other  drops  was 
nearly  as good.  However,  in  some  of  our 
experiments  with  bacterial  suspensions 
we  observe  that  while  there  are  no 
changes  in  either  size  or  ejection  height 
of  the  top  jet  drop,  changes  do  occur  in 
an  erratic  or  sometimes  a systematic  man- 
ner  for  the  other  drops.  These  changes 
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and  30  or 40%  in  drop  size,  and  occasion- 
ally  take  away  a drop  in  the  jet  set. 
It  is  curious  that  the  lower  drops  of  the 
jet  set  are  not  only  the  most  but  the  first 
affected.  When  time  changes  occur  in  the 
course  of  an  experiment  where  a bubble 
is  being  released  every  few  seconds,  it 
may  take  two  or more  hours  for  the  “wave 
of  change”  to  make  its  way  up  from  the 
fourth  or  fifth  to  the  second  drop.  The  top 
drop  appears  to  be  immune  to  what  is  af- 
fecting  the  lower  drops.  As  mentioned 
earlier,  the  cause  of  this  behavior  will 
have  to  await  a  better  understanding  of 
the  interaction  between  monolayers  and 
jet  drop  formation. 
3. How  do  you  measure  drop  size?  The 
size  ofjet  and  film  drops  can  be  measured 
in  a  number  of  ways,  including  by  pho- 
tography  (Bezdek  1971).  We  have  found 
that  the  magnesium  oxide  (May  1950) 
and  gelatin  (May  1961)  techniques  are 
simple  to  use  and  are  superior  to  many 
other  sampling  techniques  (Blanchard 
and  Syzdek  1975).  The  great  advantage 
of  MgO-coated  glass  slides  is that  the  size 
of the  hole  made  in  the  oxide  layer  by  the 
drop  is  independent  of  impact  speed  and 
drop  composition.  With  care  Mg0  slides 
can  be  used  to  detect  drops  as small  as 2- 
pm  diameter.  The  spread  factor-the  ra- 
tio  of  drop  size  to  hole  size-is  constant 
over  a  large  range  of  drop  sizes  (May 
1950). 
The  top  jet  drop  can  usually  be  col- 
lected  quite  easily  with  handheld  Mg0 
slides.  If  either  the  film  drops  or  all  the 
drops  of  the  jet  set  need  to  be  sampled, 
the  drops  can  be  pulled  upward  against 
gravity  to  the  slides  by  electrostatic  in- 
duction  (Blanchard  and  Syzdek  1975). 
Electrostatic  induction  can  be  used  to 
collect  the  jet  set,  the  film  drops,  or  both 
on  any  collecting  surface  placed  over  any 
bubble-producing  device,  whether  it  be 
a  stationary  system,  a  rotating  tank,  or  a 
bubble  aging  tube. 
One  of  the  disadvantages  of  Mg0 
slides  is  that  the  drop  disappears  into  the 
oxide  layer  and  any  insoluble  material  it 
contains  cannot  be  seen.  To  avoid  this, 
gelatin-coated  glass  slides  are  excellent. 
Since  the  circular  spot  left  by  a  drop  is 
on  the  ‘surface  of  the  gelatin,  bacterial 
cells  and  other  particulate  materials  are 
easily  seen.  Gelatin  slides  can  be  used  to 
detect  drops  as small  as 0.5~pm  diameter. 
As  with  Mg0  slides,  gelatin  slides  can  be 
used  with  electrostatic  induction  to  col- 
lect  either  the  jet  set  or  film  drops. 
One  must  be  very  careful  in  using  gel- 
atin  slides  to  get  drop  size,  for,  unlike  the 
Mg0  slides,  the  diameter  of  the  spot  is  a 
function  of  the  drop  impact  speed,  at 
least  at  low  speeds.  Depending  on  drop 
size,  we  find  differences  in  spot  size  up 
to  25%  between  a jet  drop  caught  near 
the  top  of  its  trajectory  (low  speeds)  and 
one  caught  much  further  down  (high 
speeds). 
All  of  the  values  of  spread  factor  that 
we  are  aware  of  for  drops  striking  a  gel- 
atin  slide  were  obtained  at impact  speeds 
of  at  least  2  ma s-l.  Jiusto  (1965)  found  a 
spread  factor  of  about  0.5  to  hold  for  the 
entire  range  of  drop  size  tested,  from  l- 
to  220-pm  diameter,  and  for  impact 
speeds  of  from  several  meters  per  second 
to  60  m *  s-‘.  A  value  of 0.5  was  also  found 
by  Kumai  (1973),  over  a smaller  range  of 
impact  speeds.  May  (1961),  however, 
found  that  the  spread  factor  could  vary 
from  one  experiment  to  the  next  from 
0.55  to  0.65  and  suggested  that  the  vari- 
ation  may  be  due  to  effects  of  surface  ten- 
sion,  humidity,  temperature,  etc.  We,  too, 
have  found  such  variation  in  the  spread 
factor.  For  example,  in  three  experiments 
where  several  Mg0  and  gelatin  slides 
were  used  with  electrostatic  induction  to 
collect  the  same  drops  (the  Mg0  slides 
to  get  true  drop  size),  we  found  the 
spread  factor  to  be  about  0.6,  0.65,  and 
0.7. 
1  In  view  of  these  discrepancies,  it  is 
clear  that  if  one  wishes  to  get  drop  size 
from  the  spots  on  gelatin  slides,  at  least 
one  Mg0  slide  should  be  exposed  during 
the  course  of  the  experiment.  Then,  at 
least,  the  spread  factor  for  gelatin  slides 
for  that  particular  experiment  will  be  de- 
termined. 
If  there  is  a  sufficient  amount  of  dis- 
solved  organic  material  in  the  drop,  one 
can  eliminate  the  gelatin  and  use  nothing 
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material  will  produce  a  visible  ring  on 
the  slide  within  which  the  cells  and  other 
particulates  are  easily  seen  (Blanchard 
and  Syzdek  1975).  However,  since  there 
are  no  reliable  data  on  the  spread  factor 
for  such  slides,  the  Mg0  method  should 
also  be  used  to  get  drop  size. 
4.  Why  do jet  drops  bounce?  This  is  a 
particularly  bothersome  problem.  One 
might  reasonably  expect  that  if  an  invert- 
ed  agar  plate,  a  drop  of  sterile  water  on 
a wire  loop,  or a MgO-coated  slide  is low- 
ered  over  a  series  of  bursting  bubbles, 
the  jet  drops  would  stick  to  and  merge 
with  the  collecting  surface  after  striking 
it.  Unfortunately,  this  is  not  always  the 
case.  We  have  been  plagued  with  a 
bounce-off  problem  during  many  exper- 
iments  (Blanchard  and  Syzdek  1972, 
1975). 
Because  of  the  potential  for  bounce-off 
when  using  these  collectors,  one  must 
observe  each  drop.  Drops  as  small  as  10 
pm  or  less  can  be  checked  for  bounce-off 
if  they  are  observed  in  forward-scattered 
light  against  a  dark  background.  A  35- 
mm,  500-W  slide  projector  makes  an  ex- 
cellent  light  source.  Although  a jet  drop 
is  usually  moving  far  too  rapidly  to  be 
detected  as a separate  entity,  the  “streak 
of  light”  left  momentarily  on  the  retina  of 
the  eye  reveals  its  trajectory.  If  bounce- 
off  occurs  when  a drop  strikes  a collector 
at a normal  incidence  angle,  the  upstreak 
and  downstreak  may  be  superimposed  to 
give  a streak  much  brighter  than  the  sin- 
glc  upstreak  left  by  drops  which  stick  on 
the  collector.  To  remove  any  ambiguity 
about  the  brightness  of  a streak,  we  usu- 
ally  tilt  our  collecting  surface  a  few  de- 
grees  from  the  horizontal.  Thus,  the 
downstreak  of any  drop  that  bounces  will 
not  be  superimposed  on  the  upstreak  and 
can  be  very  easily  seen.  Often  it  is  not 
even  necessary  to tilt  the  collectors,  since 
a horizontal  drift  of  the  air  of  several  cen- 
timeters  per  second  is  commonly  present 
and  prevents  superimposition  of  the 
streaks. 
The  bouncing  of jet  drops  from  invert- 
ed  agar  plates  appears  to be  related  to  the 
wetness  of  the  plate.  Relatively  dry 
plates  work  best.  When  bounce-off  oc- 
curs  we  simply  let  other  drops  strike  the 
plate  until  WC get  the  number  needed.  At 
times  this  can  be  frustrating,  especially 
when  bounce-off  occurs  with  20  or  30 
drops  ‘in  succession,  but  this  does  not 
happen  often.  Fortunately,  no  material  is 
transferred  during  bouncing.  We  deduce 
this  after  having  observed  repeatedly  that 
no  colonies  develop  on  plates  that  have 
been  exposed  to  10  or  more  bouncing 
drops,  where  each  drop  carried  a total  of 
several  hundred  viable  cells. 
The  bouncing  that  occurs  from  a MgO- 
coated  slide  is  both  a nuisance  and  a par- 
adox.  Consider,  for  example,  a 50-pm  jet 
drop  moving  upward  and  approaching  a 
lOO+m-thick  Mg0  layer  on  the  under- 
side  of  a  horizontally  positioned  glass 
slide.  If  the  slide  is  located  near  the  top 
of  the  drop  trajectory  so  that  the  drop 
strikes  the  Mg0  layer  at  a relatively  low 
speed,  the  drop  will  penetrate  the  oxide 
layer,  leaving  a  cylindrical  hole  behind 
it.  If,  however,  the  slide  is lowered  a cen- 
timeter  or  two  so that  the  drop  strikes  the 
oxide  layer  at  a  much  higher  speed, 
bouncing  is  much  more  likely  to  occur. 
When  it  does,  it  leaves  a  shallow  dish- 
shaped  pattern  that  does  not  penetrate 
the  oxide  layer  by  more  than  about  10 
pm!  Bouncing  is  sometimes  observed 
when  electrostatic  induction  is  used  to 
collect  the  jet  set,  but  the  drops  return 
quickly  to  the  layer  after  having  moved 
away  only  a millimeter  or  two. 
The  bouncing  of  jet  drops  from  drops 
of  water  held  in  wire  loops  depends,  in 
part,  on  whether  the  drop  makes  a direct 
or  glancing  collision.  One  cannot  assume 
here  that  no  mass  transfer  occurs  with 
bouncing,  for  similar  experiments  relat- 
ing  to  cloud  physics  show  that  it  can 
(Whelpdale  and  List  1971). 
We  have  never  observed  jet  drops  to 
bounce  from  properly  dried  gelatin-coat- 
ed  slides. 
5.  Why  is  there  sometimes  an  increase 
in  jet  drop  bacteria  with  time?  During 
the  course  of  about  10  experiments  with 
bubbles  rising  through  bacterial  suspen- 
sions,  we  encountered  a strange  phenom- 
enon.  In  each  of  the  experiments,  which 
lasted  for  several  hours,  a number  of  agar 394  Blanchard  and  S  yxdek 
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Fig.  1.  Number  of‘  viabIe  Serratia  murcexens 
cells  in  top  jet  drop  as  a  function  of  time  when  jet 
drop  is  produced.  Bulk  suspension  for  experiment 
was  prepared  by  adding  4  ml  of  a  22-h  nutrient 
broth  culture  of  S. mnrcescens  to  1,200  ml  of  sterile 
distilled  water  and  mixing  on  a  magnetic  stirrer. 
plates  were  used  to  collect  the  top  jet 
drop  at  various  times  throughout  the  ex- 
periment.  The  number  of bacteria  carried 
by  the  jet  drop  depended  upon  the  time 
the  drop  was  collected.  Drops  collected 
at  the  end  of  the  experiment  often  had 
over  100  times  the  number  found  at  the 
start,  and  yet  the  concentration  of  bacte- 
ria  in  the  bulk  solution  showed  little  or 
no  change.  Common  to  all  of  the  experi- 
ments  was  the  bacterium  Serratia  mar- 
cescens  and  the  source  of  the  water  for 
the  suspension:  distilled  water  from  a 
single-stage,  all-glass  still. 
The  results  of only  one  experiment  will 
be  given,  but  in  a  general  way  it  repre- 
sents  all  the  others.  A  bulk  suspension  of 
unwashed  S.  marcescens  was  prepared 
and  placed  in  the  two-branched  glass  ap- 
paratus  described  by  Blanchard  and 
Syzdek  (1975).  This  apparatus  had  no 
bearing  on  the  results  about  to  be  given, 
for  in  some  of  the  experiments  glass 
beakers  were  used  with  the  same  results. 
A  glass  capillary  tip  at a depth  of  15.4  cm 
periodically  produced  a  380~pm-diame- 
ter  bubble.  The  ejection  height  of the  top 
jet  drop  was  about  3.1  cm,  remaining  con- 
stant  throughout  the  experiment.  An  in- 
verted  nutrient  agar  plate  was  lowered 
over  the  water  until  a  given  number  of 
the  top  drops  reached  the  agar,  the  drops 
were  spread,  and  the  number  of  colonies 
after  incubation  gave  the  number  of  via- 
ble  cells  carried  by  the  drops. 
Figure  1  shows  the  results  of  the  ex- 
periment.  Each  data  point  gives  the  av- 
erage  number  of  bacteria  per  drop  and 
the  standard  deviation  determined  from 
the  colony  counts  on  from  four  to  eight 
plates.  Each  plate  for  the  first  two  points 
was  used  to  collect  30  drops.  For  the  next 
two  points  it  was  20  and  2,  and  for  the 
remaining  points,  all  obtained  more  than 
6  h  after  the  bulk  suspension  was  pre- 
pared,  it  was  1 drop  per  plate.  It  is  clear 
that  the  number  of  bacteria  per  drop  in- 
creased  exponentially,  reaching  a  value 
8  h  after  the  start  of  the  experiment  of 
about  230  times  what  it  was  at  1 h,  when 
the  first  group  of  plates  was  exposed. 
This  ratio  increased  slowly  from  then  on, 
reaching  only  320  after  24  h,  or  about  40 
bacteria  per  drop.  During  the  course  of 
the  24  h  the  bulk  suspension  showed  no 
significant  change:  three  counts  at  the 
end  of  2.5,  8, and  25  h gave  bacterial  con- 
centrations  of  8,  11,  and  9  x  106.ml-‘. 
It  is revealing  to  look  at the  data  in  Fig. 
1 in  terms  of  the  drop  concentration  fac- 
tor-the  ratio  of  the  number  of  bacteria 
per  unit  volume  of  drop  to  that  in  the 
bulk  suspension.  From  the  drop  size  and 
the  bulk  concentration  we  calculate  that 
a concentration  factor,  C,  of  unity  would 
represent  only  0.07  bacteria  per  drop. 
Extrapolating  the  data  of  Fig.  1  to  that 
value,  we  see  that  C  =  1  about  half  an 
hour  after  the  start  of  the  experiment  and 
increased  steadily  from  then  on,  to  about 
570  after  24  h. 
6.  Why  do  we  jind  a  relative  inability 
of  the  nonpigmented  cells  of  S.  marces- 
tens  to  attach  to  air  bubbles?  Foam  sep- 
aration  techniques  have  been  in  practical 
use  for  many  years,  and  it  is  well  known 
that  some  bacteria  and  algae  do  not  easily 
attach  to  rising  air  bubbles  (Rubin  et  al. 
1966;  Rubin  1968).  It  appears  that  the 
more  hydrophobic  the  surface  of  the  bac- 
terium,  the  more  easily  it  will  become 
attached  to  air  bubbles  (Boyles  and  Lin- 
coln  1958;  Marshall  and  Cruickshank 
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ficiency  should  be  reflected  in  differ- 
ences  in  the  jet  drop  concentration  factor. 
They  were  found  by  Bezdek  and  Carlucci 
(1972),  Hejkal(1976),  and  in  some  of  our 
unpublished  studies  with  mixed  suspen- 
sions  of  S. marcescens  and  E.  coli. 
Several  years  ago,  we  found  that  some 
nonpigmented  and  slightly  pigmented 
cells  of  S.  marcescens  appeared  in  our 
cultures.  This  is  not  surprising  for  envi- 
ronmental  stresses,  such  as temperature, 
nutrients,  and  UV  radiation,  can  alter  pro- 
duction  of  the  red  pigment,  prodigiosin, 
to  produce  colonies  that  range  from  the 
normal  blood  red  to  pink,  orange,  and 
white  (Rizki  1960;  Williams  et  al.  1971; 
Williams  1973).  To  investigate  the  role  of 
prodigiosin  in  determining  the  ability  of 
S.  marcescens  to  become  attached  to  an 
air  bubble,  we  did  a  series  of  experi- 
ments  with  suspensions  of both  pigment- 
ed  and  nonpigmented  cells.  We  feel  rea- 
sonably  certain  that  we  were  dealing 
with  nonpigmented  cells  of  S.  marces- 
tens  and  not  with  another  species  of  bac- 
teria.  Colony  growth  rates  and  morphol- 
ogy  did  not  vary  with  cell  color,  and  flask 
cultures  of  the  white  cells  that  had  been 
either  refrigerated  or  kept  at  35°C  pro- 
duced  red  cells  after  several  days  at room 
temperature.  All  this  is  in  accordance 
with  the  work  of Williams  et  al.  (1971)  on 
the  factors  that  control  pigmentation  of S. 
marcescens. 
Nine  experiments  were  performed. 
Five  were  with  mixed  normal  red  cells 
and  white  cells,  two  were  with  white 
cells,  one  was  with  pink  cells  (which  pro- 
duce  less  prodigiosin  than  red  cells),  and 
one  was  with  a mixture  of  all  three  types, 
red,  pink,  and  white.  Since  the  three-col- 
or  experiment  was  the  last  one  done,  was 
the  best  documented,  and  gave  results  in 
qualitative  agreement  with  all  the  others, 
we  report  here  on  only  this  experiment, 
The  suspension  with  the  three  types  of 
S.  marcescens  cells  was  prepared  in  es- 
sentially  the  same  way  as that  for  the  ex- 
periment  illustrated  in  Fig.  1.  However, 
it  was  allowed  to  stand  for  about  24  h be- 
fore  use  to  eliminate  the  time-of-sam- 
pling  effect.  It  was  then  placed  in  the 
two-branched  glass  apparatus  we  have 
found  useful  for  many  experiments  (Blan- 
chard  and  Syzdek  19’75). A  glass  capillary 
tip  fed  in  from  the  bottom  of the  tube  pro- 
duced  a bubble  at a depth  of  10 cm  every 
3.3  s.  From  data  on  rise  speed  we  de- 
duced  that  the  bubble  had  a diameter  of 
380  pm.  Throughout  most  of  the  4-h  cx- 
periment  the  bubbles  burst  immediately 
on  arrival  at  the  surface.  On  the  few  oc- 
casions  when  they  did  not,  additional 
bulk  suspension  was  added  to  the  appa- 
ratus  until  overflow  occurred  and  liquid 
drained  down  the  outside.  This  cured  the 
bubble-sticking  problem  for  an  hour  or 
more.  Each  bubble  ejected  six  jet  drops, 
the  top  drop  to  a height  of  about  2.9  cm. 
By  using  MgO-coated  slides,  both  with 
and  without  electrostatics,  we  found  the 
top  and  second  jet  drop  to  be  of  33-  and 
37-pm  diameter,  and  the  lower  drops  in 
the  jet  set  to  have  diameters  of  47,21,48, 
and  56  pm.  We  do  not  know  which  of 
these  lower  drops  is  the  3rd,  5th,  and  6th 
drop.  From  direct  observation  of drop  fall 
speed  we  know  only  that  the  smallest 
drop,  21  pm,  was  the  4th  drop. 
Twenty-one  nutrient  agar  plates  were 
used  to  collect  four  top  drops  each,  and 
the  electrostatic  method  was  used  with 
nine  more  to  collect  on  each  the  drops  of 
three  jet  sets.  The  number  of  viable  cells 
carried  by  the  top  drops  and  by  the  jet  set 
was  determined  by  spreading  and  incu- 
bating  the  plates.  Twice  during  the  ex- 
periment,  before  and  after  collection,  the 
bacterial  concentration  in  the  bulk  sus- 
pension  was  determined  to  be  about  1.4 
X  107* ml-‘. 
The  results  of the  experiment,  given  in 
Table  1,  are  for  the  top  drop  alone  and 
for  all  six  drops  of  the  jet  set  together.  It 
is  apparent  that  the  cell  concentration 
factor  C  in  the  top  jet  drop  is  markedly 
dependent  on  cell  color,  being  200,  11, 
and  0.3  for  the  red,  pink,  and  white  cells. 
Clearly,  the  C  of  0.3  for  the  white  cells 
must  be  treated  with  caution,  based  as it 
is  on  only  two  white  cells  showing  up  in 
a total  of  84  drops. 
C  for  the  jet  set  is much  lower  than  that 
for  the  top  drop  alone,  but  again  note  the 
dependence  of C  on  the  color  of  the  cell: 
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Table  1.  Concentration  factor  C  for  both  top  jet  drop  and  all  drops  in  the  jet  set  as  a function  of  color 
of  Serratia  marcescens  cell. 
Colony 
color 
No.  of 
colonies 
No.  of 
drops  CD*  CS*  c* 
Top  Red  2,143  84  1.4  x  lo9  7  x  106  200 
Top  Pink  39  84  2.4  x  lo7  2.2  x  106  11 
Top  White  2  84  1.3  x  lofi  5  x  106  0.3 
All  6  Red  1,178  27  x  6  1.7  x  IOR  7x  IO6  24 
All  6  Pink  54  27  x  6  7.8  x  lo6  2.2  x  106  3.5 
All  6  White  40  27  x  6  5.8  x  10”  5  x  106  1.2 
*  C,D?  C,,  and  C  are  the  concentration  of  bacteria  in  the  drops,  the  concentration  in  the  bulk  suspension,  and  the  conccntmtion  factor  (C  =  CO/ 
white  cells.  Since  C  for  the  jet  set, at least 
for  the  red  cells,  is being  influenced  con- 
siderably  by  the  cells  in  the  top  drop,  we 
can  else  the  data  in  Table  1 to  calculate 
C  for  the  drops  in  the  jet  set  other  than 
the  top  drop:  drops  2-6.  When  this  is 
done,  the  C  for  the  red  cells  decreases  to 
about  12.  Little  change  is  found  in  the  C 
for  the  pink  and  white  cells.  This  is  to  be 
expected,  since  Table  1 shows  that  rela- 
tive  to  the  red  cells  there  are  few  pink 
and  white  cells. 
In  the  other  eight  experiments,  only 
the  top  jet  drop  was  sampled.  However, 
the  results  agreed  in  general  with  those 
presented  in  Table  1. The  C  for  the  red 
cells  was  always  higher  than  for  the  pink 
cells,  and  the  C  for  the  pink  cells  exceed- 
ed  that  for  the  white  cells.  In  two  of  the 
experiments  the  distance  of  bubble  rise 
was  varied  between  3  cm  and  about  20 
cm.  The  C  for  the  white  cells  increased 
several  times  with  depth,  but  was  still 
much  lower  than  for  the  red  cells. 
7.  Why  is  the  bacterial  concentration 
highest  in  the  top  drop  of  the  jet  set?  In 
addition  to  what  was  just  presented  in 
problem  6,  we  have  reported  on  another 
experiment  where  the  bacterial  concen- 
tration  was  significantly  higher  in  the  top 
drop  than  in  the  rest  of  the  drops  of  the 
jet  set  (Blanchard  and  Syzdek  1975). 
Since  that  time  several  additional  exper- 
iments  have  been  done  to  confirm  and 
extend  that  finding.  Three  of  these  ex- 
periments  need  special  mention,  since 
they  were  nearly  identical.  In  each  we 
suspended  S.  marcescens  in  freshwater 
collected  the  day  before  from  a reservoir 
near  the  laboratory.  The  capillary  tip 
used  in  all  three  experiments  produced 
a 0.38-mm-diameter  bubble  about  every 
3 s at a depth  of 21 cm.  The  concentration 
of viable  cells  in  the  bulk  suspension  var- 
ied  from  1 to  2.6  x  106* ml-‘. 
The  experiments  were  carried  out  in 
the  two-branched  apparatus.  Bulk  sus- 
pension  was  dripped  slowly  into  the 
right-hand  branch,  producing  a  steady 
overflow  of about  0.5  ml  *  min-’  at the  sur- 
face  in  the  left-hand  branch  where  the 
bubbles  burst.  Consequently,  this  sur- 
face  remained  clean  and  no  compressed 
monolayers  could  form.  Measurements 
with  a  ring  tensiometer  gave  a  surface 
tension  of  about  72.2  dynacm-‘,  which  is 
the  surface  tension  of  clean  water  at  the 
temperature  (23”-24°C)  of  the  bulk  sus- 
pension. 
In  each  experiment  MgO-coated  slides 
were  used  both  with  and  without  electro- 
static  collection  to  get  the  drop  sizes  in 
the  jet  set  and  in  the  top  drop  alone.  Sev- 
eral  gelatin-coated  slides  were  used  with 
electrostatic  collection  to  obtain  numer- 
ous  jet  sets.  Although  there  are  difficul- 
ties  in  using  the  diameters  of  the  spots 
left  by  the  drops  on  the  gelatin  to  get  true 
drop  diameter  (see  problem  3),  it  was 
easy  to  match  the  spots  with  the  holes  on 
the  Mg0  slides  and  so obtain  true  diam- 
eter.  Since  the  total  number  of  cells  car- 
ried  by  a drop  can  be  seen  by  microscop- 
ic  examination  of  the  spots  on  the  gelatin 
slide,  we  could  get  the  concentration  fac- 
tor  C  for  each  of  the  drops  in  the  jet  set. 
While  it  is  interesting  that  the  three 
experiments  produced  a  bacterial  con- 
centration  factor  for  the  top  drop  and  an 
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the  jet  set  of  1,620  and  6,  1,210  and  12, 
and  500  and  4, it  is  even  more  interesting 
to  see  how  C  varied  with  drop  size  in  the 
jet  set,  These  data  are  given  in  Fig.  2 for 
the  best  documented  of  the  experiments. 
It  is  clear  that  the  two  sets  of  data  are 
different,  yet  there  are  similarities  be- 
tween  them.  Both  show  a C  that  is  high- 
est  in  the  next-to-smallest  drop,  and.  this 
is  about  50  times  higher  than  that  of  the 
next  largest  drop.  C  for  the  smallest  drop 
is  even  less,  and  the  lowest  C  values  are 
associated  with  the  two  largest  drops. 
I  1  1  1  I  1  I  I  1 
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We  know  that  the  next-to-smallest  drop 
is  the  top  drop  of  the  jet  set,  since  that 
was  sampled  separately.  From  direct  ob- 
servation  of  the  trajectories  of  the  drops 
as they  fell  back  to  the  water  (influenced 
by  air  currents  in  the  laboratory),  we 
strongly  suspect  that  the  two  largest 
drops  are  the  lowest  drops  of  the  set  (No. 
4 and  5). The  drop  just  a few  micrometers 
larger  than  the  top  drop  is  undoubtedly 
the  second  drop  (Blanchard  and  Syzdek 
1975).  This  leaves  the  smallest  drop  to be 
the  third.  Thus,  it  appears  that  C  is  high- 
est  by  far  in  the  top  jet  drop  and  de- 
creases  from  drop  to  drop  as we  progress 
down  the  jet  set.  In  the  experiment  of  4 
June,  C  for  drops  1-5  of  the  jet  set  is 
1,210,  33,  23,  9,  and  8;  on  12  June  it  is 
500,  10,  6.4,  2.8,  and  2.2. 
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Fig.  2.  Concentration  factor  for  the  bacterium 
Serratia  marcescens  for  all  five  drops  of  jet  set. 
The  calculations  of  C  for  the  4  June 
experiment  were  based  on  the  collection 
of  49  jet  sets,  from  which  an  average  of 
about  1,  0.2,  0.5,  and  0.7  cells  per  drop 
were  observed  for  drops  2-5.  Drop  No. 
l-the  top  drop-was  collected  separate- 
ly  on  agar  plates;  about  25  cells  per  drop 
were  found.  The  statistics  for  the  12 June 
work  were  roughly  the  same,  though  only 
26 jet  sets  were  collected.  In  both  exper- 
iments  the  pH  did  not  change  much  be- 
tween  the  time  the  water  was  collected 
and  the  following  day  when  it  was  used, 
nor  upon  the  addition  of  the  bacteria;  it 
was  always  between  7.3  and  7.7. 
Discussion 
jet  drops.  The  first  problem,  that  of  bub- 
ble  production,  appears  to  have  a  satis- 
factory  solution.  Problem  2, that  of  erratic 
jet  drop  ejection  heights,  has  not  been 
solved.  We  cannot  appeal  to  a change  in 
bubble  size  since  none  occurred.  nor 
does  it  seem  possible  that  the  free  energy 
of  the  bubble  surface  could  change  sig- 
nificantly  during  the  course  of  an  exper- 
iment  by  the  collection  of  organic  mate- 
rial  from  the  capillary  tip.  Material 
undoubtedly  builds  up  on  the  tip  as  a 
function  of  time,  but  if  this  were  suffi- 
cient  to  change  the  surface  tension  of  the 
bubbles  th en  it  would  also  change  bub- 
ble  size  (Blanchard  and  Syzdek  1977). 
The  first  four  of  the  seven  problems 
deal  with  difficulties  associated  with  the 
mechanics  of  bubble  production  and 
We  have  presented  evidende  suggesting 
that  erratic  ejection  heights  are  caused  by 
bubbles  that  never  come  to  rest  at the  in- 
terface  before  bursting.  It  is  unlikely  that 
this  problem  will  pose  any  difficulties  for 
work  with  seawater,  since  bubbles  in  sea- 
water  rise  to  and  rest  at  the  interface  for 
bursting,  and  the  collection  and  sizing  of  at  least  a  few  tenths  of  a  second  before 398  Blanchard  and  S  yxdek 
bursting  (Blanchard  1977).  This  is not  the 
case  for  bubbles  in  distilled,  fresh,  and 
other  waters.  The  third  and  fourth  prob- 
lems,  those  of measuring  drop  size  and  of 
the  prevention  of  bounce-off  from  col- 
lecting  surfaces,  need  more  attention. 
Until  a solution  is  found  for  the  bounce- 
off  problem,  workers  should  watch  for  it 
in  all  experiments. 
The  remaining  three  problems  deal 
specifically  with  the  transfer  of  S.  mar- 
cescens  from  bursting  bubbles  to  jet 
drops.  We  do  not  have  the  answers  to  the 
first  two,  but  hope  they  may  come  from 
those  workers  who  know  the  biochemis- 
try  of  the  external  cell  wall,  especially 
with  regard  to  its  surface-active  proper- 
ties.  Problem  5,  illustrated  in  Fig.  1,  is 
the  question  of  why  the  number  of  bac- 
teria  found  in  the  top  jet  drop  is  so  de- 
pendent  on  the  time  elapsed  since  the 
bacterial  suspension  was  prepared.  As 
mentioned  earlier,  the  concentration  fac- 
tor  C  appeared  to be  about  unity  for  near- 
ly  the  first  hour  (indicative  of  no  exces- 
sive  bacterial  attachment  to  the  bubble), 
but  then  increased  exponentially  by 
about  an  order  of  magnitude  every  2.2  h, 
reaching  a value  of  about  430  at  7  h  and 
570  at  24  h.  What  was  happening  in  the 
bulk  suspension  to  make  the  surfaces  of 
the  bacteria  more  hydrophobic  with 
time? 
Interestingly,  these  rapid  increases  of 
C  with  time  disappeared  when  the  bac- 
terial  suspension  was  prepared  with 
pond  water,  rather  than  with  distilled 
water:  C  was  very  high  to  begin  with  and 
increased  little  with  time.  In  other  words, 
the  hydrophobic  nature  of  the  bacteria 
did  not  change.  Is  it  possible  that  the 
pond  water  contained  enough  surface-ac- 
tive  material  to  enable  the  bubbles  to  be 
good  collectors  of  bacteria,  while  the 
bubbles  in  distilled  water  did  not  be- 
come  good  collectors  until  a  sufficient 
amount  of  surfactant  was  secreted  by  the 
bacteria  themselves?  Clearly,  further 
work  must  be  done  before  we  can  explain 
the  dramatic  changes  observed  in  these 
experiments. 
Problem  6 concerns  the  role  played  by 
the  red  pigment  prodigiosin  in  determin- 
ing  the  attachment  efficiency  of  the  S. 
marcescens  cell  to  the  surface  of  an  air 
bubble.  Presumably  those  cells  which 
are  strongly  bound  to  the  surface  of  the 
bubble  when  it  bursts  have  the  highest 
probability  of  ending  up  in  the  jet  drops 
(MacIntyre  1972;  Blanchard  and  Syzdek 
1975).  Since  the  results  of the  experiment 
of  Table  1 show  clearly  that  the  red  cells 
are  highly  concentrated  in  jet  drops,  the 
pink  cells  less  so, and  the  white  cells  not 
at  all,  it  appears  that  the  affinity  of  the 
cells  to  remain  at  the  bubble  surface  is 
related  to  the  concentration  of  prodigio- 
sin  in  the  cell. 
If  we  accept  this  hypothesis,  then  it  is 
not  difficult  to  see, at least  in  a qualitative 
sense,  why  the  C  for  the  red  cells  in  the 
top  jet  drop  is  over  17 times  that  for  the 
pink  cells  and  nearly  750  times  that  for 
the  white  cells. 
It  is  perhaps  not  so obvious  why  the  C 
for  the  red  cells  is  only  24  times  that  for 
the  white  cells  when  all  of  the  drops  of 
the  jet  set  are  collected  together.  This  is 
because  the  highest  concentration  of  red 
cells  is  found  in  the  top  jet  drop  (as  dis- 
cussed  in  problem  7),  whose  volume  is 
< 10%  of that  of the  jet  set.  Consequently, 
the  C  for  the  jet  set  will  be  less  than  that 
for  the  top  drop.  On  the  other  hand,  the 
C  for  the  white  cells  should  change  little, 
since  these  cells  presumably  have  little 
if  any  tendency  to  attach  to  the  surface  of 
the  bubble.  Accordingly,  they  should 
have  a  C  of  near  unity,  regardless  of 
which  drop  of  the  jet  set  is  being  consid- 
ered. 
The  question  of why  the  amount  of pro- 
digiosin  in  a  cell  is  correlated  with  the 
tendency  of  the  cell  to  remain  attached 
after  once  reaching  the  surface  of  a bub- 
ble  remains  unanswered.  However,  it  is 
unlikely  that  prodigiosin  itself  is  of  any 
consequence.  It  is  more  likely  that  the 
amount  of  prodigiosin  in  a cell  is  related 
to  the  secretion  of  surfactant,  and  that  the 
latter  makes  it  easier  for  cells  to  attach  to 
bubbles. 
Problem  7, the  final  one,  addresses  the 
question  of  why  C  is  highest  in  the  top 
drop  of  the  jet  set.  We  have  presented 
evidence  (see Fig.  2)  which,  when  com- Bubble  and  jet  drop  research  399 
bined  with  supporting  observations, 
strongly  suggests  that  C  is  a  function  of 
position  of  the  drop  in  the  jet  set,  being 
highest  for  the  top  and  lowest  for  the  bot- 
tom  or  last  drop  produced  by  the  jet.  This 
is  in  qualitative  agreement  with  the  ar- 
gument  of  MacIntyre  (1972)  that  the  liq- 
uid  for  the  top  drop  comes  from  the  sur- 
face  layer  of  the  bubble,  while  that  for 
the  lower  drops  comes  from  progressive- 
ly  deeper  layers.  Since  the  cells  can  only 
concentrate  by  being  attached  to the  bub- 
ble  surface,  we  would  expect,  on  the  ba- 
sis  of  MacIntyrc’s  model,  to  find  that  C 
decreases  from  the  top  to  the  bottom  drop 
of  the  jet  set. 
We  can  go  little  flirther  in  comparing 
MacIntyre’s  theory  with  our  experi- 
ments.  The  agreement  must  remain  qual- 
itative  only,  especially  since  theory  pre- 
dicts  that  the  thickness  of  the  surface 
layer  of the  bubble  that  is  stripped  by  the 
bubble  microtome  effect  to  produce  the 
top  jet  drop  is  only  0.05%  of  the  bubble 
diameter.  For  the  bubbles  used  in  our 
experiments,  380  pm,  this  layer  thickness 
is  only  about  0.2  pm.  Since  the  bacteria 
are  about  10  times  larger,  it  appears  that 
there  must  be  some  complex  and,  at pres- 
ent,  unpredictable  interactions  between 
the  bacterial  cells  and  the  flow  of  water 
into  the  jet.  It  would  be  interesting  to 
continue  these  experiments  using  parti- 
cles  whose  size  is  comparable  to  or  less 
than  the  thickness  of  the  layer  assumed 
to  be  stripped  from  the  bubble.  This 
could  be  done  either  by  using  S. marces- 
tens  with  larger  bubbles,  or  by  using 
smaller  particles  such  as  virus  (Morrow 
1969;  Baylor  et  al.  1977)  or  latex  spheres 
(Quinn  et  al.  1975). 
Conclusions 
An  awareness,  if  not  the  solution,  of the 
first  four  problems  should  be  of  help  in 
all  investigations  of  water-to-air  transfer 
of  materials.  Two  of  the  last  three  prob- 
lems,  which  deal  only  with  S. marcescens 
and  its  interaction  with  bubbles  and  jet 
drops,  are  unsolved.  Their  solution  will 
go far  in  helping  us to  understand  the  fas- 
cinating  but  complex  relationships  that 
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